Cite this article: Näpflin K, Schmid-Hempel P. 2016 Immune response and gut microbial community structure in bumblebees after microbiota transplants. Proc. R. Soc. B 283: 20160312. http://dx
Introduction
Virtually all organisms have symbionts or host-associated bacterial communities, which are known as the microbiota. In the context of general host health, the importance of the microbiota, especially the one in the gut, has long been recognized [1] . Microbiota can benefit the health of the host in various ways; for example, through effects on nutrition [2] , or by increasing resistance towards parasitic infections. The latter can be either through direct interaction with the pathogen [3, 4] or indirectly, through interaction with the host immune system [5] . However, even though the protective function of microbiota has been observed in various organisms [6] [7] [8] , clear examples of how symbionts affect resistance against parasitism are more recent, as for example in the aphid-parasitoid wasp system [9, 10] .
Koch & Schmid-Hempel [11] demonstrated a microbiota-mediated specific infection outcome. In the bumblebee, Bombus terrestris, the transplanted microbiota had a similar influence on specificity (i.e. differences in resistance to various infecting strains of the trypanosome parasite, Crithidia bombi) as the host genotype did. More importantly, different microbiota conveyed varying levels of overall protectiveness to the host. Bumblebee larvae shed their gut and its content (as the meconium) during metamorphosis [12] , and thus emerge as microbiota-free adults from the puparium [12, 13] . Within the first few days upon emergence, bees acquire a typical gut microbiota within their social environment, probably via faeces-contaminated nest material and coprophagy [13] [14] [15] . Therefore, it is reasonable to think of the host as the provider of the environment for the establishing microbial community. In fact, as previously shown, the individual microbiota is taken up within and from the social environment of the colony [13] . Because many bacteria are circulating in such an environment, the host could and should 'select' what bacteria it will acquire; especially, it has to differentiate between benign and harmful microorganisms. The microbes, in turn, will be selected to follow their own interests of being taken up and propagated. They may also signal to the host whether they are benign or harmful, and even send dishonest signals, too. It is as yet unknown whether these signals exist and exactly how these potential processes unfold. In a simple manner, hosts may, for example, actively modify their gut environment in order to accommodate and select for the establishment of a beneficial microbiota, and keep out unwanted microorganisms. If so, interactions of the microorganisms with the immune system are to be expected during establishment, as bacteria invading the gut are initially 'foreign' to the host [16] . Although the immune response upon parasite exposure in bumblebees is partly understood [17] [18] [19] [20] , the nature of the immune response to potentially mutualistic or commensal microbes is still a matter of considerable debate [16] . Nevertheless, if hosts have the ability to influence the establishment of the microbiota via the host immune system, we expect to find variation in the immune response towards different classes of microorganisms (i.e. beneficial and non-beneficial), and among the hosts themselves [21, 22] , similar to the variation in gene expression that underlies the specificity of host-parasite interactions [17, 23] . Additionally, in different environments (i.e. the background set by the different colonies), there may be different kinds of microbiota available to be taken up by newly emerged workers (i.e. the hosts). If, for example, a 'protective' microbiota is available (i.e. a bacterial community that provides protection against infections), we would expect any host's immune system to respond less intensively than when confronted with a 'nonbeneficial', non-protective microbiota. Here, a reasonable but as yet untested assumption is that milder responses would facilitate the uptake of the bacterial community. In this hypothetical scenario, the microbiota that eventually establishes results from the host's immune response selecting from the available bacterial community in the environment.
While this hypothesis is probably too simplistic, it has the advantage of being testable as a first step towards understanding the functional significance of microbiota establishment. In this study, we therefore explored this hypothesis in three stages. (i) We investigated whether there is variation in how bumblebee colonies respond to infections by the trypanosome gut parasite, C. bombi, and defined 'resistant' or 'susceptible' colonies. At the same time, we defined the microbiota contained in these colonies, respectively, as 'resistant' or 'susceptible', too.
(ii) We tested for the (early) immune gene expression response of microbe-free recipient workers from a resistant or susceptible colony background to faecal transplants of microbiota from donors of either resistant or susceptible colony origin. This allowed us to disentangle effects of host phenotype (i.e. the recipient's resistance background) from effects due to differences between microbiota resistance phenotypes (i.e. from donor transplants). (iii) We asked whether the different recipient and donor resistance phenotypes are associated with different compositions of microbiota (i.e. differences in the bacterial community structure at the time of the early response).
Material and methods
Thirty colonies were raised in the laboratory from queens of B. terrestris, which were field-caught in spring 2013 in northern Switzerland (Neunforn). We assayed the resistance profile of five workers for each colony 7 days post-infection towards a cocktail of five genetically distinct parasite strains of C. bombi, mixed in equal proportions. For this, parasite load (number of cells) was quantified by means of qPCR [24] , and infection diversity (number of strains, i.e. different genotypes present) through microsatellite genotyping [25] (electronic supplementary material, S1). The obtained resistance profiles (figure 1) were then used to select four of the most susceptible and three of the most resistant colonies. An additional selection criterion for the microbiota transplant experiment was good colony development (i.e. having enough workers). From each of these colonies, brood was isolated and surface-sterilized. Workers, which emerge germ-free [12, 13] , were taken from the isolated brood and served as recipients in the transplant experiment. Brood and recipients were kept sterile at all times. To transplant the microbiota, we collected faeces from workers (referred to as donors), which emerged and remained in their source colonies and thus had naturally acquired their microbiota (see electronic supplementary material, S2 for experimental details). Note that the resistance phenotype of donors and recipients was always defined as either 'resistant' or 'susceptible', and refers to the measured resistance profile (i.e. infection outcome) for a given colony (as in figure 1 ). Thus, each colony represents a certain (genotypic) background that carries at the same time a certain microbiota type. Note that the defined resistance phenotype relates to both a colony (as the recipient) and its microbiota (as the donor).
We performed crosswise faecal microbiota transplants of resistant and susceptible donors into recipients of resistant and susceptible backgrounds (see the electronic supplementary material, figure S1 for experimental design). Standardized microbiota transplants were orally administered 1 -3 days after emergence of the recipients (electronic supplementary material, S2). These bees were snap-frozen 18 h post-transplant in liquid nitrogen and stored at 2808C. This time point was chosen to make the results comparable to earlier studies of gene expression upon infection by C. bombi in this system [23] . Later, from these samples, we simultaneously extracted RNA and DNA from whole abdomen (electronic supplementary material, S3 S1 ). In order to assess the microbial community present at the time, the variable regions V3 -V4 of the 16S rRNA gene were amplified using the region-specific universal primers (314F, 806R; electronic supplementary material, table S2) and subjected to sequencing on the Illumina MiSeq platform (electronic supplementary material, S6). Amplicons passing quality control were merged, chimaeras were eliminated and operational taxonomic units (OTUs) were generated based on 97% sequence identity (electronic supplementary material, S7). Statistical analyses of microbiota community composition were performed either on non-rarefied OTU count data [27] or for comparability on the count data rarefied to the smallest library size (the results of the latter are reported in the electronic supplementary material, S8). For both the analysis of the recipient immune response to the faecal microbiota transplants (electronic supplementary material, S5) and the analysis of the microbiota community structure (electronic supplementary material, S8) we tested for a recipient resistance phenotype and donor resistance phenotype effect, as well as their interaction.
Results (a) Colony resistance profiles
To assess the resistance profile for each colony, we exploited the natural variation in the infection outcome, that is, when the workers were exposed to a 'cocktail' infection that initially contained five genetically distinct strains of C. bombi at equal amounts. As figure 1 shows, we found variation and a positive association between infection intensity (number of parasite cells) and infection diversity (number of parasite strains) that had established 7 days post-infection. Hence, infection intensity builds up as more strains are able to establish. We therefore defined 'susceptible' and 'resistant' to be associated with higher and lower infection intensity, and higher and lower infection diversity, respectively. For the second part of this study, we then selected, out of this pool, four 'susceptible' and three 'resistant' colonies from the extreme ends of the distribution (figure 1 
(b) Gene expression upon faecal microbiota transplant
To measure the response of workers upon receiving a microbiota transplant, we analysed the expression of a set of candidate genes, representing six immunologically relevant functional gene classes (electronic supplementary material, table S1). We performed MANOVA analyses separately for each functional gene class to test for both differential effects of donor and recipient phenotypes (resistant versus susceptible) and their interaction effects on the gene expression response. Minimal adequate models are reported in table 1 (electronic supplementary material, S5). Contrary to expectation, neither one of the gene classes showed a statistical interaction between recipient phenotype and donor phenotype (table 1) .
However, we found that all gene classes, except for the recognition genes, were significantly affected by either donor phenotype (the microbiota received) or by recipient phenotype (the resistance background of the recipient). In particular, the donor phenotype elicited differential expression responses in four out of six gene classes-signalling, reactive oxygen species (ROS), metabolism and melanization-as well as having a weak influence on the expression pattern of the effector class. In contrast, the recipient phenotype only influenced expression in the effector and melanization classes, with some evidence for an effect in the recognition class. Only the melanization class showed an effect of both donor and recipient phenotype (but not their interaction; table 1).
To tease apart the MANOVA results, we performed linear discriminant analysis (LDA) to identify the gene classes that best discriminate between the two resistance phenotypes of donors and recipients, respectively, as well as to deduce genes contributing most to group separation (table 1) . Depending on gene class, leave-one-out (jack-knifed) cross-validation Figure 2 shows the univariate responses of gene expression within each class as the fold change relative to the resistant phenotype for both (a) the recipient and (b) the donor effects. Genes that were significantly differentially expressed (with asterisks in figure 2) were not necessarily those genes that contributed most to the phenotype separation (table 1) and thus had the highest impact on the discriminant function. This discrepancy is most pronounced for the effector gene class, where the anti-microbial peptide apidaecin is differentially expressed between the recipient phenotypes, but the gene's contribution to group separation measured by the partial coefficient is relatively small (coef. 
(c) Microbiota community composition
In order to link gene expression patterns with features of the gut microbiota community composition, we assessed the microbial community structure present at the time of the gene expression measurement. Overall, after the generated 16S amplicon sequences were processed and quality controlled (electronic supplementary material, S7), the microbiota composition was described by 159 OTUs. We defined 'ecologically' abundant OTUs as OTUs that occur in at least 85% of all samples within a dataset. This resulted in 19 common OTUs (out of 159) still representing 99.2% of the total number of reads. Rarefaction analysis revealed that achieved sequencing depth adequately reflected microbiota complexity (electronic supplementary material, figure S2 ). As sequencing depth among individual samples differed, we present the results of the statistical analysis from the non-rarefied datasets, where we use methods that statistically account for unequal sequencing depth among samples [27] . Alternatively, random subsampling of the OTU table of each sample to the lowest sequencing depth is a common practice. The repeated (n ¼ 100) rarefaction to the smallest sequencing depth (n ¼ 50 792) retained, on average, 134.6 OTUs (s.d. ¼ 3.3). Applying the same OTU classification criteria to these rarefied datasets, we identified, on average, 12.1 ecologically common OTUs (s.d. ¼ 1.1, n ¼ 100). Results of further statistical analysis of the rarefied data can be found in the electronic supplementary material, figure S3 .
We investigated whether differences in microbiota community structure could be attributed to the resistance phenotype (resistant versus susceptible) of the donor and/or the recipient, or to the interaction of the two. First, we looked at the total proportion of reads from ecologically common OTUs in samples and found that the proportion of common reads was only affected by donor resistance phenotype (GLM: rspb.royalsocietypublishing.org Proc. R. Soc. B 283: 20160312 12.44, p ¼ 0.001), where microbial communities of the susceptible phenotype contained on average 1.8% (s.e. ¼ 0.6) more common reads compared with the resistant donor phenotype. Second, we tested ecologically common OTUs for differential abundances between donor and recipient phenotypes. Figure 3 shows the log2-fold change in abundance of OTUs relative to the abundance in the resistant recipient phenotype (figure 3a) and to the resistant donor phenotype (figure 3b), respectively. Donor resistance phenotypes differed significantly from zero in the log2-fold changes of OTU abundance (Wald test: OTU_6: x figure 3b with asterisk). OTU_6 belongs to the class of Gammaproteobacteria, OTU_9 is ascribed to the order Rhizobiales of the class Alphaproteobacteria, and OTU_44 was classified to the Lactobacillus genus (see the electronic supplementary material, tables S6 and S7 for taxonomy of ecologically common OTUs). We detected neither a difference in OTU abundance among the recipient phenotypes (figure 3a), nor any statistical interaction between recipient and donor phenotypes.
Surprisingly, despite the absence of differentially abundant OTUs between recipient resistance phenotypes, leave-one-out ( jack-knifed) cross-validation of the LDA of the common OTUs performed on average equally well for both donor and recipient phenotype discrimination (74.19% correctly classified compared with 50% expected by chance, n ¼ 31). Table 2 lists the top six OTUs that contributed most to the separation of donor and recipient resistance phenotypes. It indicates, similarly to the results from the gene expression analysis, that differential abundance is not predictive of an OTU's relative contribution to the discriminant function.
Discussion
The specificity of host-parasite interactions has been shown to be mediated by the presence of symbionts, or by the entire hostassociated bacterial community (i.e. the microbiota) [9] [10] [11] . As such, the establishment of a community that is beneficial to the host becomes an important element of host defence.
Screening host colonies for their resistance profile provided us with the prerequisite to separate both the effects of amonghost background variation and the variation among the gut microbiota of different host backgrounds with respect to the outcome of the host-parasite interaction. On the one hand, the positive correlation between infection intensity and infection diversity (number of strains that established; figure 1 ) confirmed previous studies [24, 29] . This pattern is suggestive of a situation where each parasite strain occupies its own niche within the host [30] . On the other hand, and for the purpose of our study, the resistance variation among host colonies enabled us to choose specific resistance phenotypes for the successive experiment, based on the natural infection outcome for a given host colony (figure 1). Thus, recipient hosts are assumed to have their colony's (genetic) resistance background (i.e. the presumed selection potential for allowing a protective microbial community to establish). Donor transplants from colonies represent the naturally established microbial gut communities with the presumed protective ability (resistant versus susceptible). The microbiota's phenotype would thus modulate the observed resistance (here immune response) of the receiving host-either independently or in combination with the pre-existing background resistance of the receiving host.
The early gene expression response upon faecal transplants ( figure 2 and table 1) suggests that host genetics as well as the transplanted microbiota affect the host immune response. Surprisingly, we did not detect a statistical interaction between donor and recipient phenotype, which suggests that the specificity observed for the infection outcome is not reflected in a specific host-microbiota interaction, as tentatively Figure 3 . Abundance fold change in microbiota 'species' (OTU) composition. Log2-fold changes in abundance are shown for ecologically common OTUs of the resistant phenotype (black) relative to (a) the susceptible recipient phenotype and (b) the susceptible donor phenotype. Plotted are mean 'moderated'-fold changes [28] for each OTU with 95% CI. Asterisks indicate significant abundance fold changes after accounting for multiple testing (**p , 0.01, ***p , 0.001). OTUs with a log2-fold change value more than 0 are more abundant (less than 0 less abundant) in the resistant phenotype relative to the susceptible phenotype. suggested before [11] . We also found differential gene expression patterns among susceptible and resistant colony phenotypes, comparable with recent studies in Drosophila [22, 31] . The recipient effect on the immune response may indicate inherent differences between the two genetic host resistance backgrounds in their ability to impose selection on the establishing community. In particular, effector and melanization gene classes emerged as potential candidates to mediate such selection. Interestingly, within the effector gene class, the anti-microbial peptides (AMPs) showed a strong signal of differential expression. This highlights a surprising similarity to the differential response in AMPs observed upon infection by a parasite, where more susceptible colonies show a stronger upregulation of AMPs as compared with more resistant colonies [23] . In our experiment, recipients from a susceptible resistance background also upregulate AMPs compared with recipients from a resistant background. AMPs have previously been suggested to play an important role in shaping hostassociated communities in various other organisms [32, 33] . Yet, in Drosophila at least, it remains unclear how host genotype eventually maps to host resistance phenotype [22, 34] .
In turn, we found that the microbiota phenotypes differed in their ability to modulate the receiving host's immune response. Donor microbiota from susceptible colonies elicited a stronger gene expression response in their recipients compared with resistant microbiota, supporting our simple hypothesis for the best assembly. Indeed, differential responses could potentially result in a differential effect on community assembly-an effect that remains to be tested in this system. Such effects have previously been observed in Lepidoptera, where immune suppression by the baculovirus in larvae resulted in a less stringent regulation of the microbiota and thus an increased gut microbial load [35] . We also found that signalling and ROS gene classes discriminated best between the two donor phenotypes. Within the signalling gene class, relish contributed most to the linear discriminant function in our analysis. Relish is a key factor in the induction of the humoral immune response, such as the production of AMPs. Relish has previously been shown to be of great importance in the Drosophila host-microbiota association, where Relish E20 -deficient flies show altered gut microbiota composition and gene expression patterns; genes of the signalling pathways are thereby disproportionally affected [31] . While the finding of a more variable gene expression response to a susceptible microbiota transplant is intriguing, the causes and consequences remain elusive. Overall, the independent influence of donor and recipient phenotypes should result in complex feedbacks between the host and the microbiota during the process of community establishment. The particular effects of these feedbacks on the infection outcome would need to be assessed in further studies.
Based on the gene expression result, we expected to find the microbial community to be affected by both recipient and donor phenotypes. We checked for both main effects of donor and recipient phenotypes and their interaction on microbiota community structure, analogous to the gene expression response. In the univariate analysis, by looking for differentially abundant OTUs, we detected only significant differentially abundant OTUs between donor phenotypes (figure 3). Although not directly assessed before the experimental microbiota transplant was administered, our results clearly indicated differences in the microbiota community structure among resistant and susceptible donors that persisted until at least 18 h after the transplant. However, in the multivariate analysis, by leaveone-out cross-validation of the linear discriminant function, both recipient and donor phenotypes performed equally well. The absence of any differentially abundant OTUs between recipient phenotypes might suggest that our chosen time of community assessment 18 hours after the transplant-an interval chosen for compatibility with earlier studies [23] -is probably too early for any recipient effect to strongly manifest itself. A study in honeybees (Apis mellifera) showed that bacterial abundance in newly emerged workers increases until an age of 9 days before it remains more or less stable [14] . Thus, differential selection pressure of recipient phenotype via gene expression variation on the microbiota community structure would probably only become more strongly visible at a later time point.
Despite this, the differentially abundant OTUs between resistant and susceptible donor phenotypes indicated three candidate species that might predominantly be involved in mediating the protective function of the microbiota. The three OTUs belong to three major taxonomic orders typically associated with honeybee and bumblebee gut microbiotas [36, 37] . In particular, OTU_9 matches the recently described Bartonella apis species isolated from the honeybee gut [38] . While this Alphaproteobacteria OTU occurs in honeybees, the presence has rarely been reported in bumblebees [36, 39, 40] . This could either reflect sensitivity differences in the detection methods used or potential non-exclusivity to the gut, because we analysed 16S sequences from whole abdomen. However, Cariveau et al. [39] report potential relationships between certain Alphaproteobacteria species in B. bimaculatus and Crithidia infections. There is some evidence for Gammaproteobacteria to be an indicator species for a negative infection status [39] . Associations between Lactobacillaceae and Crithidia infection have, to our knowledge, so far not been reported.
The differentially abundant OTUs could also be viewed in the light of within-host competition and multiple infections [41, 42] . In this context, several possible modes of interaction between the microbiota and the parasite need to be considered, such as exploitation ( passive, through resource limitation), interference (direct attack or mechanical/chemical exclusion) or apparent competition (mediated through differential sensitivity to elicited immune response). Here, we cannot distinguish between these modes of interaction, but the differentially abundant OTUs are potential candidate species for such interactions. Crithidia probably attaches to the gut wall, as does the microbiota [14] , and therefore it is likely that direct interactions between Crithidia and OTUs occur, and that, specifically, differentially abundant OTUs are involved in the dense colonization of the hindgut epithelium as observed in the honeybees [14] .
In short, this study highlights host resistance background effects on the immune response to microbiota transplants, as well as the potential capacity of the received microbiota to modulate the host immune response. This certainly emphasizes the role of microbiota in the context of host-parasite interactions [11, 43] . We furthermore provide evidence for potential complex feedbacks between the host's immune response and the establishing microbial community, which in turn affects a possible future parasite encounter, either through mechanism of within-host competitions [41] or in the light of immune priming and immune maturation [44] . 
